Quantitative interpretation of stable hydrogen isotope ratios ( 2 H/ 1 H) in organic compounds is greatly aided by knowledge of the relevant equilibrium fractionation factors (ε eq ). Previous efforts have combined experimental measurements and hybrid Density Functional Theory (DFT) calculations to accurately predict equilibrium fractionations in linear (acyclic) organic molecules (Wang et al., 2009a,b), but the calibration produced by that study is not applicable to cyclic compounds. Here we report experimental measurements of equilibrium 2 H/ 1 H fractionation in six cyclic ketones, and use those data to evaluate DFT calculations of fractionation in diverse monocyclic and polycyclic compounds commonly found in sedimentary organic matter and petroleum. At 25, 50, and 75°C, the experimentally measured ε eq values for secondary and tertiary H α in isotopic equilibrium with water are in the ranges of −130 to −150‰ and +10 to −40‰ respectively. Measured data are similar to DFT calculations of ε eq for axial H α but not equatorial H α . In tertiary C α positions with methyl substituents, this can be understood as a result of the methyl group forcing H α atoms into a dominantly axial position. For secondary C α positions containing both axial and equatorial H α atoms, we propose that axial H α exchanges with water significantly faster than the equatorial H α does, due to the hyperconjugation-stabilized transition state. Interconversion of axial and equatorial positions via ring flipping is much faster than isotopic exchange at either position, and as a result the steady-state isotopic composition of both H's is strongly weighted toward that of axial H α . Based on comparison with measured ε eq values, a total uncertainty of 10-30‰ remains for theoretical ε eq values.
INTRODUCTION
Cyclic molecules are ubiquitous components of sedimentary organic matter and petroleum from all geological eras (Brocks and Summons, 2003) . A majority of useful biomarkers are polycyclic isoprenoid molecules and display a great diversity of structures. The most widely studied of these are the tetracyclic eukaryotic steroids, pentacyclic bacterial hopanoids, and pentacyclic plant triterpenoids (Rohmer et al., 1984; Farrimond et al., 1998; Volkman, 2003) . The 2 H/ 1 H ratios of these lipids potentially record information about metabolism (Zhang et al., 2009 ), biochemistry (Chikaraishi et al., 2004) , and environment (Sauer et al., 2001) , and hence there is great interest in extending δ 2 H measurements of cyclic biomarkers back through time. Just as for the aliphatic lipids discussed by Wang et al. (2009a,b) , such measurements in ancient rocks must address the H exchange processes that may alter H isotopic composition over time. In turn, this requires quantitative knowledge of the equilibrium 2 H/ 1 H fractionation factors (α eq ) for polycyclic biomarker molecules.
Previously we showed that keto-enol tautomerism in organic ketones results in rapid isotopic equilibration of H atoms adjacent to the keto group (hereafter H α ), and can provide a basis for experimental measurements of equilibrium fractionation at reasonable temperatures and timescales (Wang et al., 2009a) . That study demonstrated that values of α eq calculated using ab initio (B3LYP/6-311G**) frequencies agree well with experimental calibration data for six linear (acyclic) ketones, typically within 5−10‰. However, α eq values in cyclohexanone differed systematically between computation and experiment by ~60‰. This discrepancy could not be explained by the omission of anharmonicity in calculated β factors, thought to be the dominant source of uncertainty in theoretical calculations of α eq , and so remained unexplained.
One obvious difference between cyclic and acyclic molecules lies in the restricted conformations of rings. For example, in linear molecules, long-range tortional movements along the carbon chain occur at continuous angles and do not significantly affect the local bonding environment, whereas the C−C bonds in ring systems can only adopt a few conformations that interconvert via distorted bond angles. The most stable conformation for a cyclohexane ring is the chair form, where the angles between C−C bonds are approximately 110°, the same as in linear hydrocarbons, and are thus strain-free. Other possible conformations include the boat, twist-boat and half-chair forms (Fig. 1 which are present at very low abundances at room temperature and thus were not accounted for in our previous calculation of equilibrium fractionation for cyclohexanone (Wang et al, 2009a ). This simplification is quantitatively evaluated in the current study.
Moreover, in the ring system the two C−H(R) bonds on a methylene C atom adopt either an equatorial or axial position relative to the ring plane, potentially giving rise to different equilibrium fractionations for each position. In the previous study, it was assumed that the equilibrium fractionation factor measured from H α exchange experiments is equivalent to the average value for the axial and equatorial H α 's, without considering effects of the conformational changes coupled with keto-enol tautomerism.
In the present study, we used the experimental approach of Wang et al. (2009a) H fractionation in cyclic ketones. The experimental results then provide a reference dataset to evaluate theoretical calculations of α eq for these cyclic ketones. We also quantitatively investigated the effect of conformational changes on the calculation of fractionation factors. A mechanism based on the stereochemistry of base-catalyzed H α substitution is proposed to explain discrepancies between experiment and theory. We further calculated α eq values for various H positions in saturated monocyclic and polycyclic hydrocarbon molecules. The results provide building blocks for the estimation of molecular fractionation factors in relevant cyclic biomarkers. H fractionations between organic substrate and water in equilibrium at the specified temperature.
METHODS AND NOMENCLATURE

Notation and nomenclature
The isotope ratio of water is always placed in the denominator. iii) When reporting experimental results, α eq refers to all H α atoms in the molecule undergoing exchange even if they are not equivalent. In contrast, for theoretical results α eq refers to the fractionation calculated only for equivalent hydrogen atoms (e.g., the two equatorial H α atoms in cyclohexanone). In each case, the meaning is specified in the text. iv) In mono-and polycyclic compounds with trans ring junctions, H atoms in axial or equatorial positions are labeled with axl or eql in superscript (H axl or H eql ).
Note that this is independent of the conventional α/β notation used to denote atoms and functional groups that are below/above the ring plane, which we avoid to prevent confusion with the use of the same symbols to designate positions relative to the carbonyl group.
Experimental methods
Methods for measuring equilibrium fractionations at H α positions in ketones are described fully in Wang et al. (2009a) , and are summarized briefly below. Sigma-Aldrich) that had previously been tested (Wang et al., 2009a) was also included for consistency with earlier results. 2,6-Dimethylcyclohexanone is a mixture of the cis-and trans-isomers, with an abundance ratio of 4:1. In our compound-specific 2 H/ 1 H analyses, the more abundant cis isomer elutes about 10 s earlier than the trans isomer, and was the only component measured. Fig. 2 gives the optimized structures of the methylated cyclic ketones in the chair conformation obtained from ab initio modeling (see Section 2.3. H values of the unexchanged cyclic ketones (−256 to +25‰) so that for each ketone equilibrium could be approached from both directions.
Isotope exchange experiments
Ketones were individually dissolved in each of the 8 waters, sealed in glass vessels with minimal headspace, and incubated in a constant-temperature water bath. At selected time points, samples were removed via syringe and the ketone extracted into hexane for δ 2 H measurements.
Two different experimental designs were employed. In the first stage, incubated solutions were successively sampled and analyzed until equilibrium was confirmed. Based on the temporal evolution of ketone δ 2 H values, exchange rate constants were estimated according to the kinetics of base-catalyzed keto-enol tautomerism (secondorder reaction; Wang et al., 2009a) . In the second stage of experiments, small aliquots of solutions were flamesealed in glass ampoules so as to exclude any possible evaporation or exchange of water vapor. They were incubated at pH 12.0 in a water bath at 25, 50, or 70°C, respectively. The incubation time was at least 20 half-times for each conditions. The value of f ex can then be directly determined from inspection of the molecular structures ( Fig. 1) .
This assumption can be tested by examining the constancy of δ N for the same ketone incubated at different temperatures (see Table 2 ). By regressing δ T on δ W , the value of α eq can be obtained from the value of the regression slope divided by f ex , and δ N can then be calculated from the intercept value.
2 H/ 1 H analysis
The δ 2 H value of each ketone substrate was measured before and after exchange on a ThermoFinnigan Trace GC coupled to a Delta plus XP isotope ratio mass spectrometer via a pyrolysis reactor (GC/P/IRMS). A methane reference gas (δ 2 H = −147.5‰) was used as internal calibration standard. Three n-alkane standards, C 17 (−142‰), C 22 (−62.2‰), and C 27 (−226.5‰), were co-injected with each sample as internal normalization standards to correct for scale drift and potential memory effects (Wang and Sessions, 2008) . Details of these corrections are described in Wang et al. (2009a) . Each sample was measured 2-5 times with standard deviation typically between 1-4‰. The standard deviation for the n-alkane standards was 1-3‰ throughout the measurements. 
Computational methods
Complete vibrational frequencies for organic molecules were calculated for the optimized geometries using the hybrid Hartree-Fock and Density Functional Theory (DFT), B3LYP/6-311G** method (Lee et al., 1988; Becke, 1993) , with solvation effect treated by the Poisson-Boltzmann continuum solvation model (Tannor et al.1994 ).
Using the calculated frequencies, the reduced partition function ratio (β factor) for 2 H-substitution at individual organic H positions was calculated based on the theory of Urey (1947) and Bigeleisen and Mayer (1947) . The β factor for liquid water was obtained by first calculating the β factor for gaseous water molecules using the same method and then multiplying by the experimental liquid-gas fractionation factor measured by Horita and Wesolowski (1994) to treat the solvation effect. This approach is presumably more accurate than implicit or explicit solvation models of water. Further details are discussed in Felipe et al. (2003) and Wang et al. (2009a) . Equilibrium fractionation factors (α eq ) were calculated as the ratio of β factors between the dissolved organic molecule and liquid water. Complete β factor values are given in Table EA -2. Natural Bond Orbital analysis was performed using NBO 5.0 (Glendening et al., 2001 ) to investigate the electron bonding environment of selected optimized structures.
RESULTS AND DISCUSSION
Isotope exchange experiments
Exchange kinetics
In the time-series experiments, 2 H/ 1 H exchange profiles were measured for 2-methylcyclohexanone, 4-methylcyclohexanone, 2,6-dimethylcyclohexanone, and 2,2,6-trimethylcyclohexanone at 25 and 50°C. Basic conditions (pH 12.0) were employed exclusively, because we previously demonstrated that acid catalysis gives the same equilibrium fractionations but is not as efficient at catalyzing H α exchange (Wang et al., 2009a) . Calculated second-order rate constants and half-times (t 1/2 ) for H α exchange in these molecules are summarized in Table 1 . reached equilibrium simultaneously (e.g. 2-methylcyclohexanone shown in Fig. 3 ). Exchange was always faster at higher temperature. For example, equilibrium was achieved for 2-methylcyclohexanone in about 6 days (~8x10 3 min) at 25°C and within one day (~1x10 3 min) at 50°C. At the same temperature, 2-methylcyclohexanone exchanges faster than 2,6-dimethylcyclohexanone and 2,2,6-trimethylcyclohexanone, but significantly slower than 4-methylcyclohexanone (Table 1) . This trend -H α exchange rate decreases with increasing alkyl substitution on C α -is consistent with the observation for acyclic ketones (Wang et al., 2009a) , and is probably caused by steric hindrance of the alkyl group ( ; Wang et al, 2009a) , suggesting that methyl groups at non-α positions do not significantly affect the H α exchange rate.
Experimental measurements of H α
Isotopic enrichment factors (ε eq values) for H α in each ketone were calculated from the slope of the ketone-water regression at equilibrium according to Eqn. 4. R 2 values for these regressions are all greater than 0.99 (Fig.4a ). The ε eq values and estimated δ 2 H for non-exchangeable H are summarized in Table 2 The ε eq values for cyclohexanone (around −150‰) are consistent with the results of our previous study (Wang et al, 2009a) . The values are also similar to the two ketones that contain non-α methyl groups, 3-methyl and 4-methylcyclohexanone, for which ε eq values ranging between −133‰ and −154‰ with little temperature dependence.
This indicates that alkyl groups on non-α C atoms do not significantly change the equilibrium fractionation of H α , in agreement with the "cutoff" effect (Stern and Wolfsberg 1966a,b; Hartshorn and Shiner, 1972) and our previous results for acyclic ketones (Wang et al., 2009a (Fig. 4b ). This trend, wherein ε eq for H α increases substantially with more alkyl substituents on C α , is consistent with our previous results for linear ketones and is likely caused by the electron-donating (+I) effect of alkyl groups that acts to enhance the electron density of the C α −H α bond and thus increase bond stiffness.
Theoretical calculations
Effect of conformational change
Optimization of the cyclic ketone structures generates two types of stable conformations: the chair conformation as the global minimum (optimized geometries in Fig. 2 ) and the twist-boat conformation as a local minimum (optimized geometries in Fig. EA-1 ). To examine their relative importance, we first calculated Gibbs free energies of both conformations for each molecule, and with methyl groups at the equatorial or axial positions which are interconvertible through the ring flip (Fig. 1) . The abundance of each conformation was then calculated assuming a Boltzmann distribution of energies (Table 3 ). The results show that the chair conformation predominates (>99%) for all cyclic ketones except cyclohexanone (~ 97%), with the methyl group strongly biased to the equatorial position, regardless of its distance relative to the carbonyl group. The value of ε eq is also calculated for individual H α positions in each stable conformation (Table EA-3) . Weighted by their relative abundances, the total effects of other conformations -including the twist-boat -on the apparent ε eq value are less than 1‰ for each ketone and thus can be safely ignored. Therefore, only the most stable conformation is considered hereafter.
Theoretical equilibrium fractionation factors
Approximations adopted in the calculation of β factors using the Bigeleisen-Mayer equation, primarily the omission of anharmonicity, rotational correction, and rotation-vibration coupling, were previously expected to result in significant systematic errors for hydrogen isotope fractionations. Nevertheless, it is important to notice that only the ratio of β factors enters into the calculation of ε eq . Since the same calculation methods were applied to both the ketone and water molecules, systematic errors in their β factors are expected to be positively correlated and thus largely cancel (Hartshorn and Shiner, 1972; Liu and Tossell, 2005) . Quantitative evaluation of each non-harmonic term showed that the overall uncertainty in the β factor is by far dominated by anharmonicity at the ZPE level, and that accounting for anharmonicity will uniformly lower the value of β factor to similar extents (× 0.88-0.92) for both water and organic H (Wang et al., 2009a) . As a result, errors due to the omission of anharmonicity will largely cancel out, with the remaining effect, e.g., variability of anharmonicity with species and temperature, smaller than or comparable to the experimental uncertainty in measured fractionation factors (10-30‰). For more detailed discussion of theoretical uncertainties, please refer to our precious paper in this series (Wang et al., 2009a) .
The effect of conformational changes on ε eq values, as discussed in Section 3.2.1., is negligible for all cyclic ketones we studied at relevant temperature. Even for linear ketones, for which long-range internal torsion might play an important role, the conformation-weighted fractionation factor based on the entire O=C-C-C dihedral potential is indistinguishable from that based on a single geometry at the global minimum (Wang et al., 2009a) . Similar "cutoff"
effects have been documented in other studies, wherein structures beyond the γ position from the substituted atom can be largely ignored in the calculation of isotopic fractionation (Stern and Wolfsberg, 1966a, b; Hartshorn and Shiner, 1972) . This observation is fundamentally rooted in the fact that the value of the β factor is mainly determined by isotopic frequency shifts in the stretching and bending modes that directly involve the substituted C-H bond.
Consequently, the values of ε eq for cyclic ketones in this study were calculated as the ratio of β factors for individual H α positions in the chair conformation and for liquid water. The results are statistically consistent (σ = 3-7‰) for analogous H α positions in different molecules. Thus ε eq values for four distinctive H α positions -secondary axial, secondary equatorial, tertiary axial, and tertiary equatorial -are sufficient to describe virtually all possible H α positions in naturally occurring molecules (Fig. 4) . The addition of alkyl branches on C α leads to a 
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the chair conformation, the equatorial C α −H α bond is coplanar with the C=O double bond, while the axial C α −H α bond is at ~71° to this plane. The latter orientation facilitates σ-π hyperconjugation between the σ electrons in C α −H α axl and the π orbital on C=O, which results in electron withdrawing from the C α -H α axl bond because of the high electronegativity of oxygen, leading to reduced bond stiffness and lower ε eq values. Inspection of different conformations, including the twist-boat, of the six cyclic ketones shows that the value of ε eq systematically decreases as the O=C−C α −H α dihedral approaches 80° to 90° (Fig. EA-2) .
Calculations for H positions more distant from the carbonyl group (i.e., H β and H γ ) show indistinguishable ε eq values for equatorial and axial positions, whereas the difference between secondary and tertiary H persists. At equilibrium, H β is more 2 H-enriched than H γ of the same type (secondary or tertiary) by 10-20‰ (Fig. 5 ). This trend is also observed in acyclic ketones (Wang et al., 2009b) and is probably associated with the long-range field inductive effect of the carbonyl group (Dewar and Grisdale, 1962; Reynolds, 1980; Otto and Zdene'k, 2007) . The cyclic structure might facilitate this effect to extend to H γ , making it more 2 H-enriched than in alkanes H by 10-20‰ (Fig. 5) ; whereas H γ in acyclic ketones has indistinguishable ε eq values from alkane H. Primary H's in methyl groups attached to either acyclic or cyclic backbones have the same ε eq values. The methyl group appears to act as a rigid moiety with C-H stretching and bending modes (and thus fractionations) hardly affected by adjacent hydrocarbon structures.
Comparison of experimental and theoretical equilibrium fractionations
As shown in Fig. 4b , the molecules containing only tertiary H α , i.e., 2,6-dimethylcyclohexanone and 2,2,6-trimethylcyclohexanone, have experimental ε eq values close to the calculated tertiary H α axl (grey dashed line). This is consistent with the fact that methyl groups are strongly biased to the equatorial positions (Table 3) , leaving H α in the axial positions. However, for the molecules having exclusively secondary H α , the experimental ε eq values are again close to the calculated H α axl (black dashed line) and significantly lower than H α eql (black dotted line) by 70-90‰.
This result is counterintuitive, because secondary H α atoms should be equally distributed between axial and equatorial positions that interconvert via rapid ring flip (Fig.1) . This systematic inconsistency between tertiary and (Wang et al., 2009a) , for which the experimental results closely match the theoretical ε eq values for all types of H α (primary, secondary, and tertiary).
H α substitution via keto-enol tautomerism.
Understanding this discrepancy for cyclic ketones requires an examination of the mechanism of H α substitution in carbonyl compounds, which takes place through keto-enol tautomerism. Under basic conditions, it proceeds via deprotonation at the alpha position by a hydroxide ion to leave a negatively-charged enolate ion that is resonancestabilized (Fig. 6a) . Reprotonation by a water molecule can occur at either the carbanion to regenerate the ketone or at the oxygen to give the enol. We calculated the energy of deprotonated cyclohexanone with a hydrogen removed at either the axial or equatorial position. Optimization of the transition state converged to the enolate ion, where the carbanion is trigonalized and coplanar with the C=O bond (Fig. 6b) . The result shows that the lone pair is strongly favored at the axial position, where it is stabilized by hyperconjugation with the π orbital of the C=O double bond.
Subsequent reprotonation can take place from either above or below the carbanion to regenerate the axial H α . In other words, the energy barrier is substantially lowered when H α substitution takes place at the axial position, giving much faster exchange rates compared to substitution at the equatorial position, for which the negative charge concentrates on the carbanion. In fact, this process has been widely invoked to explain the loss of chirality at the C α position during H α substitution reactions (Kawabata et al., 1999) .
As relevant evidence, NMR studies have shown that the hydrogen isotope exchange rates of H α in various carbonyl compounds (R(C=O)X, X = H/R/OH/O -/OR/SR/NH 2 …) are closely correlated to the effect of hyperconjugation between the C=O and C α -H α bonds (Richard, 2002) . Substituent groups with lone pair(s), e.g., X = -O -or -NH 2 , can donate electrons towards the π-orbital and thus weaken the hyperconjugation between C=O and C α -H α . Consequently, the exchange rates for amides and carboxylic acids are 10 5 -10 8 times slower than that for ketones (Amyes and Richard, 1996; Richard, 2002) . Similarly in cyclic ketones, it is reasonable to expect that the equatorial H α , without hyperconjugation-stabilized transition state, will exchange orders-of-magnitude more slowly than axial H α . In fact, the isotope exchange profile in Fig. 3 clearly shows one-step regular sigmoidal curves, (Sessions, 2004) . Moreover, it is important to note that ring flipping will rapidly interconvert axial and equatorial hydrogens without further isotopic exchange, on a timescale much faster than isotopic exchange at either position.. Under these conditions, we should expect that the 2H/1H ratio of both axial and equatorial hydrogens will be controlled by equilibration of axial positions, in agreement with our experimental measurements.
Comparison of experiment and theory.
Experimentally measured equilibrium fractionations are plotted versus theoretical ε eq values for axial H α in the six cyclic ketones in Fig. 7 . Although the experimental data generally support the fractionations predicted by theory, they do not match as well as for linear ketones. Measurements of fractionation at tertiary H a positions are systematically smaller (i.e., less negative ε eq values) than theoretical calculations by 5-30‰, whereas measurements for secondary H a positions are systematically larger (i.e., more negative ε eq values) by 7-35‰. Data for 2-methylcyclohexanone, with two secondary and one tertiary H α atoms, fall along a linear mixing line between the two. While it is tempting to draw a linear 'calibration curve' through these data, we caution that the relationship is essentially defined by only two types of H α , secondary and tertiary. The slope of such a line, 1.44 ± 0.05, is much steeper than the calibration derived for linear ketones (0.91 ± 0.03) in our earlier work (Wang et al., 2009a) . We repeated the DFT calculation (B3LYP) with a different basis set, 6-31G**, which yields regression slope of 1.46 ± 0.03 for cyclic ketones and 0.88 ± 0.10 for acyclic ketones, similar to the results using the B3LYP/6-311G** method. The choice of basis set thus appears to offset the magnitude of calculated fractionations slightly, but not the slope of the relationship in Fig. 7 .
Several types of effects might be responsible for this more substantial disagreement between experiment and theory in cyclic compounds. Exclusion of anharmonicity is the primary systematic error in the theoretical calculations, and was thought to be the primary contributor to disagreements between experiment and theory in linear ketones. To test this for the cyclic ketones, we compared β factors calculated using unscaled (harmonic) and scaled (anharmonic) vibrational frequencies (see Wang et al., 2009a for a further discussion of this approach). These improbably large to account for the observed discrepancy. For example, the normalization slope (i.e., δD true = a·δD measured + b) used to correct for memory effects would have to be in error by ~35% to explain the deviation in Fig. 7 from the 1:1 line, whereas we commonly observe this slope to vary by less than 5% and believe we can measure its value to better than 1%. Moreover, the same standards and procedures were used for calibration and normalization of the earlier linear ketone data (Wang et al., 2009a) and no such effects were observed, even to a lesser degree.
A third potential explanation is that equatorial H α positions might partially exchange in our experiments and contribute to the measured overall ε eq values with their smaller equilibrium fractionations. This effect, if it exists, should lead to data that fall above the 1:1 line in Fig. 7 , and thus might explain the discrepancy for tertiary H α positions but not for secondary H α positions. More generally, we can speculate that the isotope effects recorded by H α during exchange driven by keto-enol tautomerism are not perfectly described by the equilibrium states of either axial or equatorial positions. It is not obvious why such a situation would exist for cyclic but not linear ketone molecules.
H/ 1 H fractionation for cyclic structures
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In summary, we cannot yet explain the cause of discrepancies between experiment and theory, and so choose not to attempt a correction (or 'calibration') as was done for the linear ketones. This then implies an overall uncertainty in predicted equilibrium fractionation factors for individual H positions of 5-35‰. However, the practical impact of this uncertainty is greatly limited by the fact that systematic biases for secondary and tertiary H are anticorrelated. Because most cyclic biomarkers of interest (e.g. steranes and hopanes) contain both types of H, the uncertainties are offsetting and tend to cancel out in the average for the molecule. Thus the net equilibrium fractionation for cholestane when calculated using experimental data is only 4-8‰ lower than when calculated using theoretical data. The shift is 2-6‰ in the opposite direction for the C 30 hopane. Accordingly, in the following sections we use theoretical ε eq values without correction to estimate fractionation factors for cyclic biomarker molecules. The uncertainty associated with these estimates is likely less than 10‰.
Application to cyclic hydrocarbons
Estimate of equilibrium fractionation for typical H positions in cyclic structures
The most common molecular structures in petroleum are the cycloparaffins (naphthenes), comprising up to half of a typical crude oil (Hunt, 1995) . They are generally five-or six-membered monocyclic molecules having one or more alkyl branches, with methylcyclopentane and methylcyclohexane being the most abundant. In contrast, many terpenoid biomarkers found in sediments and oils are polycyclic molecules consisting of fused six-and occasionally five-membered rings. In polycyclic systems, the cyclohexyl rings predominately adopt the strain-free chair conformation, while cyclopentyl rings take the envelope conformation which has C-C bond angles of 108°, very close to the relaxed angle of 109.5° in linear hydrocarbons.
It has been shown for aliphatic molecules that the equilibrium fractionation for C-bound H is primarily determined by the atoms or functional groups attached to the same carbon center, due to the "cutoff effect" (Stern and Wolfsberg, 1966a,b; Hartshorn and Shiner, 1972; Wang et al., 2009a,b) . Therefore, it is expected that the equilibrium fractionations for H on fused rings will be similar to those on isolated single rings. To test this, and to provide building blocks for cyclic frameworks, we systematically calculated and compared ε eq values for various H Table 4 , together with the molecular structures. Average ε eq values are listed for similar H positions in the molecule, with a variance of σ = 2-6‰. Also note that natural H exchange reactions can take place via many pathways (e.g., Sessions et al., 2004) . In some cases, other exchange pathways may exhibit steric specificity that results in differing apparent equilibria for particular configurations. However, consideration of specific H exchange pathways is beyond the focus of this paper. Therefore, in the following discussion, we consider only the theoretical case of all H positions in the molecule at isotopic equilibrium.
At 25°C, the ε eq values for secondary H on the ring are near −75‰ in almost all mono-and polycyclic structures (σ ~ 3‰), and are indistinguishable from secondary H in linear aliphatic molecules. In contrast, tertiary H in the ring system exhibits relatively larger variations in ε eq . In monocyclic molecules, where the alkyl branches predominately adopt the equatorial position, ε eq values of tertiary H at 25°C increase from ethylcyclohexane (−13‰) to methylcyclohexane (−2‰). This can be explained by the stronger electron-donating effect of the methyl group which increases the electron density of the C-H bond on the same C atom. In polycyclic molecules, where fast ring flip is unlikely and thus axial-equatorial interconversion is absent, the effect of an alkyl group or side ring on nearby tertiary H is heavily dependent on its orientation. If the side group occupies the equatorial position at the junction, leaving the tertiary H in an axial position (Fig. 8a) , e.g., in trans-decalin, trans-2β-methyldecalin, and trans-3α-methyldecalin (Table 4) , the tertiary H will have an ε eq value of about −19 to −5‰ at 25°C, similar to those in monocyclic structures. If the side group takes the axial position (Fig. 8b) , e.g., in cis-decalin, trans-2α-methyldecalin, and trans-3β-methyldecalin, the tertiary H at the junction adopts the equatorial position and are predicted to have substantially higher ε eq values around 11-17‰ at 25°C.
To further explore the underlying mechanisms of these variations, we performed Natural Bond Orbital Analysis (Glendening et al., 2001 ) to quantitatively describe the bonding environment for the above two situations. This analysis shows that with the methyl group in the equatorial position (Fig. 8a) , the bonding (σ) orbital of the axial tertiary C 3 -H 1 bond overlaps in-phase with the anti-bonding (σ*) orbital of the axial C 11 -H 2 , C 2 -H 3 , and C 4 -H 4 bonds, giving rise to a delocalization energy of 3.1-3.4 kcal/mol for each σ CH →σ CH * hyperconjugative interaction.
III. Equilibrium 2 H/ 1 H fractionation for cyclic structures
For the purpose of clarity, only one such interaction is shown for each molecule in Fig. 8 . Similarly, if the methyl group adopts the axial position (Fig. 8b) , the σ orbital of the equatorial tertiary C 3 -H 1 bond interacts with the σ* orbital of the equatorial C 11 -H 2 , C 1 -C 2 , and C 4 -C 5 bonds, where each σ CH →σ CC * hyperconjugation contributes a delocalization energy of 3.8-4.2 kcal/mol, slightly higher than that for the σ CH →σ CH * hyperconjugation. Therefore the total delocalization energy for the equatorial tertiary C-H bond is 1-2 kcal/mol more than for the axial tertiary C-H bond, making the former a stronger bond with more positive equilibrium 2 H/ 1 H fractionation factor.
Accordingly, the calculated bond order for the equatorial tertiary C-H bond (0.973) is slightly higher than that for the axial tertiary C-H bond (0.969), consistent with the former being a stiffer bond.
If the methyl group is attached to a quaternary carbon between trans-joint rings in the axial position, such as C 1
in trans-1-methyldecalin and C 9 in 9α-methyl-1α-cyclopentadecalin (Table 4) , the ε eq value for the axial tertiary H that is one σ-bond away is increased to 13-24‰ at 25°C, which is probably caused by the strong σ CH →σ CC * hyperconjugation between the tertiary C-H bond and the σ* orbital of the methyl C-C bond. Interestingly, the axial tertiary H that is two σ-bonds away (H 1 axl in 9α-methyl-1α-cyclopentadecalin) also has relatively high ε eq values (~10‰), possibly related to the biaxial interaction with the methyl group (Bowden and Grubbs, 1996; Otto, 2007) .
Equilibrium fractionations in polycyclic biomarker molecules
Many important biomarker molecules are derived from tetra-or pentacyclic isoprenoid lipids. They are constructed from C 5 isoprene units synthesized via the mevalonate and deoxyxylulose pathways (Qureshi and Porter, 1981; Eisenreich et al., 1998) , which give rise to biosynthetic fractionations between −150‰ and −350‰ relative to growth water (Sessions et al., 1999; Chikaraishi and Naraoka, 2003; Zhang and Sachs, 2007) . In living organisms, they are commonly depleted in 2 H relative to n-alkyl lipids by 50-100‰, but are more enriched by ~50‰ than linear isoprenoids such as phytol.
By assembling individual H positions in cyclic and linear structures, we calculated the molecular equilibrium fractionations for typical cycloparaffins, steranes, and hopanes. Results are plotted versus temperature in Fig. 9 . The equilibrium fractionations for n-alkyl (C 14 -C 33 ) and linear isoprenoids are also plotted as shaded areas for comparison. As temperature increases from 0 to 100°C, the equilibrium fractionations are estimated to range from −84‰ to −95‰ for monocyclic naphthenes, from −68‰ to −86‰ for trans-decalin, from −80‰ to −91‰ for the C 27 sterane (cholestane), and from −89‰ to −95‰ for the C 30 hopane. Homologous steranes and hopanes that vary slightly in structure should fall in similar ranges. The estimated range of equilibrium fractionation for steranes largely overlap with the range for n-alkanes while hopanes are 5-10‰ lower than steranes (Fig. 9) . For functionalized isoprenoid lipids, equilibrium fractionation is predicted to be −76‰ to −90‰ for cholesterol and −61‰ to −82‰ for bacteriohopanetetrol. The latter is relatively 2 H-enriched due to the positive ε eq values for hydroxyl H and H next to hydroxyl groups (Wang et al, 2009b) . The temperature dependence of ε eq in decalin is relatively greater than other cyclic and linear biomarkers, making it a potential target for geothermometry.
The equilibrium fractionations for both steroids and hopanoids are substantially smaller (less negative ε eq values) than the observed biosynthetic fractionations for their parent molecules and are consistent with the observed range of to −234‰) in sediments from the marine Santa Barbara Basin, which presumably indicates the preservation of primary isotopic signatures. in the same cyclic ketones in chair and twist-boat conformations using vibrational frequencies from ab initio calculations (B3LYP/6-311G**). The discrepancy between experimental and theoretical estimates of ε eq for tertiary H α is only ~10‰, whereas the theoretical ε eq value for secondary H α is ~60‰ higher than the experimental result.
Because exchange of axial H positions is much faster than that of equatorial positions, and the two are rapidly interconverted by fast ring flipping, we propose that the equilibrium isotope ratio of both positions primarily reflects exchange at the axial position. Under this assumption, the overall discrepancy between experiment and theory is 10- (Wade, 2003) . The chair conformation is the most stable, followed by the twist boat, while the boat and half-chair conformations correspond to transition states. They also demonstrate the pathway of chair-chair interconversion (ring flip), where the methyl group is equatorial in the left chair conformation and axial in the right. 
